stoichiometry ratio; R 0 , Förster radius. The N-and C-terminal 6-helix bundles of lactose permease (LacY) form a large internal cavity open on the cytoplasmic side and closed on the periplasmic side with a single sugar-binding site at the apex of the cavity near the middle of the molecule. During sugar/H + symport, an outwardfacing cavity is thought to open with closing of the inward-facing cavity so that the sugar-binding site is alternately accessible to either face of the membrane. In this communication, single molecule Fluorescence (Förster) Resonance Energy Transfer (sm-FRET) is used to test this model with wildtype LacY and a conformationally restricted mutant. Pairs of Cys residues at the ends of two helices on the cytoplasmic or periplasmic sides of wildtype LacY and the mutant were labeled with appropriate donor and acceptor fluorophores, sm-FRET was determined in the absence and presence of sugar and distance changes were calculated. With wild-type LacY, binding of a galactopyranoside, but not a glucopyranoside, results in a decrease in distance on the cytoplasmic side and an increase in distance and in distance distribution on the periplasmic side. In contrast, with the mutant, a more pronounced decrease in distance and in distance distribution is observed on the cytoplasmic side, but there is no change on the periplasmic side. The results are consistent with the alternating access model and indicate that the translocation defect in the mutant is due to ineffective occupancy of the outward-facing conformation.
Molecular Genetics, 5 Conversely, in the absence of ∆µ H+ , LacY utilizes free energy released from downhill translocation of galactosides in either direction to drive uphill translocation of H + with generation of ∆µ H+ {reviewed in (1) }.
An X-ray structure of mutant C154G, which binds ligand as well as wildtype LacY but catalyzes very little transport and is compromised conformationally (2) (3) (4) (5) , has been solved in an inward-facing conformation with bound ligand (6, 7) .
Notably, wild-type LacY has the same global fold (1, 8) . The symporter contains 12 transmembrane α-helices organized in two pseudo-symmetrical bundles. The When compared to the X-ray structure, distances approximated from cross-linking of paired Cys residues across the inward-facing cavity are underestimated, and there is no access to the sugar-binding site from the external surface (6) . Therefore, it was suggested that during transport the inward-facing cavity closes with opening of an outward-facing cavity so that the sugar-binding site is alternately accessible to either face of the membrane, and a similar model was proposed for the glycerol phosphate/phosphate antiporter GlpT (9) , a related protein. Recent findings (10) from site-directed alkylation of Cys residues at almost every position in LacY support the alternating access model.
The heat of ligand binding to wild-type LacY and the C154G mutant has been measured (11) . The affinity of wild-type or mutant LacY for ligand and the change in free energy (∆G) upon binding are similar. However, in the wild type, ∆G is due primarily to an increase in entropy, while in marked contrast, an increase in enthalpy is responsible for ∆G in the mutant. Thus, wild-type LacY behaves as if there are multiple ligand-bound conformational states, while the mutant is severely restricted. sm-FRET (12) (13) (14) has been applied to the study of relatively few membrane proteins (eg. F 1 F o -ATP synthase (15) , epidermal growth factor (16) , and SNARE proteins (17, 18) ). Structural dynamics in these proteins has been probed by measuring sm-FRET either from freely diffusing molecules or by recording a time-trajectory from a single, immobilized protein.
Here we utilize sm-FRET by alternating laser excitation (ALEX) spectroscopy (19) (20) (21) (22) to study ligand-induced distance changes on the cytoplasmic and periplasmic sides of the membrane protein LacY, freely diffusing in detergent micelles. The results provide further support for the alternating access model in wild-type LacY and suggest that although the cytoplasmic cavity also closes in the C154G mutant, the periplasmic side remains closed in the presence of ligand. The results are also support the conclusion (11) that sugar binding induces primarily an entropic change in wild-type LacY, in marked contrast to mutant C154G, which exhibits an enthalpic change.
Results
Mutants. Cysteine pairs were introduced into wild type and C154G LacY. None of the native Cys residues in LacY react with maleimides under near stoichiometric conditions except for Cys148, which is readily protected by substrate (23) . Two mutant pairs -R73C/S401C (helices III and XII) on the cytoplasmic side and I164C/S375C (helices V and XI) on the periplasmic sidesatisfy the following requirements: (i) both positions are at the ends of transmembrane helices; (ii) individual Cys replacements have little or no effect on lactose transport (24) (25) (26) (27) : (iii) Cys residues at each of the four positions react with the maleimide-based Alexa dyes (Table 1) Each of the four double-labeled samples displays significant FRET.
However, mutants labeled with D-only or A-only and then mixed exhibit no FRET whatsoever. Thus, there is little or no aggregation. It is also notable that changes in FRET are not observed in the presence of galactopyranosides when ensemble measurements are carried out with a conventional fluorimeter (data not shown).
Structural Changes at the Cytoplasmic Side. sm-FRET is determined from bursts of fluorescence detected during diffusion of labeled molecules through a focused laser beam using ALEX spectroscopy (20) . Bursts are recognized by a dual-channel burst search, which identifies bursts containing both D and A (28) . which are in general agreement with modeling ( Figure 1 ). NPG binding to wild type LacY is associated with a small decrease in distance (~1.6 Å), while the C154G mutant exhibits a larger decrease of ~3.6 Å and a narrowing of <∆E*> ( Fig. 3) . Figure   4C ).
Structural
The average distances between dyes are calculated to be ~56.9 Å for wild type and ~57.8 Å for C154G LacY without bound sugar ( Table 2) based on determined R 0 . NPG binding to wild type is associated with an increase in distance (~3.5 Å) and a slight increase in <∆E*>, while the C154G mutant exhibits no significant change.
Discussion
sm-FRET is utilized here to investigate the effects of sugar binding on local distance and distance distribution changes between the cytoplasmic ends of helices III and XII or the periplasmic ends of helices V and XI in wild-type LacY and the conformationally restricted mutant C154G. The measured inter-dye distances calculated from sm-FRET are comparable to those predicted from modeling (compare Figure 1 with Table 2 ). While sugar binding in the wild type background appears to decrease distance (i.e., increased <E*>) between the cytoplasmic ends of helices III and XII, the effect is significantly more pronounced in the mutant background and is also accompanied by a reduction in <∆E*>. In marked contrast, the periplasmic ends of helices V and XI appear to move apart (i.e., decreased <E*>) as a result of sugar binding in the wild type, but no change whatsoever is detected with the C154G mutant ( Table 2) . and distance distribution changes may be due to interconversion between two states (minimally) at rates that are about 10 times slower than diffusion (interconversion rates faster than diffusion would result in narrower peaks; slower rates do not fit the data--see Figure S2 ). An alternative possibility is that the wild type and the mutant have multiple static conformers in the unliganded state, and upon binding, the number of conformers is reduced for the mutant and increased for the wild type. For detailed discussion, see Supplemental Information.
Analysis
The sm-FRET findings with wild-type LacY are consistent with extensive site-directed alkylation studies (10) that support an alternating access model for galactoside/H + symport (1, 6) . By this means, the single sugar-binding site in LacY in the approximate middle of the molecule is alternately exposed to either side of the membrane due to opening and closing of cytoplasmic and periplasmic hydrophilic cavities. In this regard, it is particularly noteworthy that the cytoplasmic ends of helices III and XII in the C154G mutant apparently move closer upon sugar binding, while the periplasmic ends of helices V and XI exhibit no change. The observations suggest that the C154G mutation may markedly decrease the ability of LacY to occupy an outward-facing conformation, thereby drastically inhibiting all modes of sugar translocation (4, 5) .
The crystal structure of wild-type LacY exhibits an inward-facing conformation much like the C154G mutant (1, 8) . Furthermore, ligand binding markedly increases the apparent accessibility/reactivity of a number of engineered Cys residues on the periplasmic side of the sugar-binding site with a distribution suggesting that sugar binding opens a hydrophilic pathway on the periplasmic side of the molecule. Thus, it seems reasonable to conclude that the crystal structure of LacY is similar to that in the membrane--the inward-facing conformation. If this is so, the time of occupancy in the outward-facing conformation is likely to be relatively short since the inward-facing conformation probably represents the lowest free-energy state.
Taken together, isothermal scanning calorimetry studies (11) All other materials, construction of mutants, purification of proteins, ensemble fluorescence measurements, molecular modeling and smFRET data analysis are described in Supporting Information. Gaussian fits to the data with the corrected E values given in Table 2 . 
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